Dilatometric studies are carried out on liquid crystals (LCs), viz., p-(phenyl benzylidene)-p 1 -alkylanilines (PBnA for n = 7 -10, 12, 14 and 16). LC PBnA compounds are found to exhibit four different types of phase variants. The lower homologues (for n = 3 -6) exhibit an NBE trivariant, intermediate homologues (with n = 7 -9) exhibit an NABE tetravariant, higher homologues (for n = 10 -12) exhibit an ABE tetravariant, and long higher homologues (for n = 14 and 16) exhibit an AB bivariant phase sequence. Dilatometry studies in PBnA compounds infer the first order nature for IN (for n = 7, 8 and 9), IA (for n = 10, 12, 14 and 16), NA (for n = 8 and 9) and AB (for n = 14 and 16) phase transitions. Phase transitions involving the growth of the 3D smectic-B phase in PBnAs are found to be tuned by squeezing of orientational disorder. A comparative study of phase transitions exhibited by PBnA compounds is presented along with the data in other Schiff base compounds.
Introduction
In the area of soft-condensed matter physics, the dilatometric investigations of liquid crystal (LC) phase transitions involving different structural organization is an intriguing topic of study. The results of dilatometry are long known [1 -6] to provide information regarding the nature of the phase transition and the growth of pre-transitional effects. If the dilatometric investigations are carried out in a series of LC compounds (viz., 'systematic studies'), the influence of the molecular structure (i. e., the rigidity/flexibility components of the molecule) on the thermal stability of the LC phases can be studied. Such investigations provide complementary and confirmatory experimental evidence for the results obtained using other techniques [6] like polarization thermal microscopy (TM) and differential scanning calorimetry (DSC) regarding the determination of phase transition temperatures T C , the nature of the transition and the thermal stability of the phase of interest. p-(Phenyl benzylidene)-p 1 -alkylaniline (PBnA) series of LC compounds are 0932-0784 / 07 / 0100-0075 $ 06.00 c 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com long known [7] to exhibit a variety of polymorphisms, and the abundance of orthogonal LC phases of higher dimensionality due to the presence of an extended rigid core (part of molecular frame). It is noticed that the lower homologues of the PBnA series (for n = 3 -6) exhibit [8] a rare sequence of NB phase variance involving a change of dimensionality from one to three. Recent investigations [9] on LC smectic-B phases inferred that a strong molecular inter-locking is tuned by molecular structural parameters (through anti-parallel correlation of longitudinal dipole moments). It is also concluded [10] that the thermal stability of LC smectic-B phases can be tuned by the underlying molecular mobility. The mobility in-turn is discussed in terms of flexibility/rigidity of the molecular frame. It is also noticed [8] that the higher homologues (with long flexible end chains) in an LC series of compounds can effectively induce orientational disorder to account for the LC phase stability. The synthesis, TM and DSC studies are reported [7] in PBnA compounds for n = 3 -11, 12 and 15, while their synthesis, TM, DSC and dilatometry are reported [8] for n = 4 -6 compounds only. In the wake of the following aspects of interest, (i) the LC phase transitions involving a variety of structural organization and (ii) influence of a long flexible chain in inducing orientational disorder for the phase stability,
we present the results of our dilatometric investigation across the IN, IA, NA, and AB LC phase transitions exhibited by PBnA compounds for n = 7 -10, 12, 14 and 16.
Experimental
The PBnAs were prepared [8] by the condensation of corresponding p-n-phenyl benzaldehyde (0.1 mol) with the relevant p-n-alkylaniline (0.1 mol) by refluxing the reactants in absolute ethanol (in the presence of few drops of glacial acetic acid) in cold condition. After refluxing the reactants for 3 -4 h, the solvent was removed by distillation under reduced pressure. The final compound was re-crystallized from absolute ethanol in cold conditions. Re-crystallization was continued until the transition temperatures were found reproducible. The molecular formula for the LC PBnA compound is given by .
The phase transition temperatures were determined using an Olympus DX50 polarizing microscope equipped with a DP-10 CCD optical display accessory. An Instec temperature controller with an accuracy of ±0.1 K was used to hold the LC microscope slide. A Perkin Elmer DSC-7 instrument was used to determine the transition temperatures and the heats of transition (enthalpy ∆H) involved with them. A U-shaped bi-capillary pycknometer in conjunction with a cathetometer was used during the dilatometry experiments. The absolute error in the measurement of density was ±10 −4 g cm −3 . The cooling rate followed during the dilatometry was 0.5 K h −1 .
Results and Discussion
During the TM studies, the LC phases exhibited (presented in Table 1 ) by the compounds PB14A and PB16A (synthesized for the first time) are characterized as smectic-A and -B cryst phases, since they exhibited the standard [11] Schlieren and focal-conic fan textures. The transition temperatures and the associated enthalpy (during heating and cooling runs) determined from calorimetry are presented in Table 1 . It is noticed that transition temperatures determined from DSC are found to agree with those from TM. The effect of molecular structure for the LC phase abundance can be studied through a possible comparative qualitative study of phases exhibited by PBnA compounds. The details of LC phases and transition temperatures reported [7, 8] (for n = 3 -12 and 15) along with that of the present work (for n = 14 and 16) are presented in the form of a phase diagram ( Fig. 1) for the comparative study in the LC PBnA series of compounds. As such, a meticulous study of the phase diagram is expected to reveal the influence of flexible/rigid components of the molecular frame for the thermal stability of the phases exhibited by the PBnA series. An overview of Fig. 1 drawn for PBnA compounds, readily reckons the fact that the clearing temperatures and the melting temperatures observed in the PBnA series of compounds follow and odd-even effect. It is also noticed from Fig. 1 that the trend of the odd-even effect (in the lower homologues) gets decreased to a minimum with the increase of n in the PBnA series. This trend of reduced odd-even effect is argued [12] as due to the induced orientational disorder with the increasing chain length. In fact, the increasing flexibility is found to smoothly tune the contributions of axial polarizabilities, as discussed in Marcelja's model [13] .
An overview of the present work (for n = 14 and 16 in Table 1 ) and that reported [7, 8] on other PBnA compounds along with that presented in Fig. 1 , reveals that the PBnA series of compounds exhibits (i) a tetravariant NABE phase sequence in lower (for n = 3 -7) homologues; (ii) a trivariant NBE phase sequence in intermediate (for n = 7 -9) homologues; (iii) a tetravariant NABE phase sequence in higher (for n = 9 -12) homologues; (iv) a bivariant AB phase sequence in very long (for n = 13 -16) homologues.
As such, it may be argued that the orthogonal 3D smectic-B and smectic-E LC phases are quenching the nematic phase with increase of the flexible end chain component of the molecule. Further, the higher homologues (PB14A and PB16A) are found to exhibit smectic-A and -B phases only. This implies that a further increase of the chain length n (i. e., n = 14 and 16) may possibly result in quenching of smectic-E phase also. Thus, the quenching of the nematic and smectic-E phase with increase of n is interpreted as due to increased orientational disorder (or the flexible part of the molecule). In summary, the orientational disorder is found to be prevalent in the higher homologues.
It is noticed that the experimental investigations reported for PBnA compounds [7] , for n = 3 -6 inferred an NBE phase variance. Hence, in the present work we carried out dilatometry of the remaining PBnA compounds, exhibiting NABE, ABE, and AB phase variance (i. e., compounds for n = 7 and 8, 9 -12 and 13 -16, respectively). The density plots for NABE variance (for n = 7 as representative) is presented in Fig. 2 , while that for ABE phase variance (for n = 10) is presented in Figure 3 . However, the density plots for AB variance (for n = 14 and 16) are presented in Figs. 4 and 5.
The observed temperature variations of the density ρ(T ) and the thermal expansion maxima α(T ) for the compounds PB7A, PB10A, PB14A and PB16A are presented in Figs. 2 -5, respectively. It may be noticed that the density variations for the compounds n = 7 and 10 are only presented, since they are capable of representing NABE and ABE phase variants exhibited by the PBnA series [7] . The density is found to increase linearly with decreasing temperature in the equilibrium LC phases, while it is found to increase nonlinearly in the vicinity of phase transitions. The volume expansion coefficient is found to be constant in the equilibrium LC phases and exhibits a peak value at the transition point. The phase transition temperatures determined from density measurements are demarcated as inset arrows in Figures 2 -5 . The transition temperatures determined from dilatrometry (presented in Table 1 ) are found to agree [7, 8] with TM and DSC values.
The density jumps (∆ρ/ρ) are estimated from the difference (|ρ 1 ∼ ρ 2 | = ∆ρ) between the (linearly) extrapolated density values ρ 1 and ρ 2 (from either sides of the transitions) and their average density [(ρ 1 + ρ 2 )/2 = ρ] value at the transition. The thermal expansion coefficient α is estimated from the equation
where M V is the molar volume. The estimated molar volume M V in the isotropic phase for the compounds PB7A, PB8A, PB9A, PB10A, PB12A, PB14A and PB16A at T I−N/A plus 5 • C are found to be 384.6, 399.5, 414.6, 429.6, 459.6, and 489.6 ·10 −6 m 3 mol −1 , respectively. The increment in M V per n (i. e., methyline unit) estimated in the isotropic liquid phase in the LC PBnA series is found to be slightly smaller than that reported in [6, 12, 14] for normal isotropic liquids. However, the values in the present PBnA compounds are found to agree with those reported in [8] for lower homologues.
Isotropic-Nematic (IN) Transition
The slopes of density with temperature dρ/dT , in the equilibrium isotropic phase of the PB7A, PB8A, PB9A, PB10A, PB12A, PB14A and PB16A compounds are found to be 10.90, 15.36, 8.30, 11.45, 14.0, 9.8, 9.1 · 10 −4 g cm −3 K −1 , respectively. The observed dρ/dT values are found to agree with those reported [15] for nO.m compounds. The observed higher values of the slopes of the density (in the equilibrium regions) in the nematic phase exhibited by these compounds (14.5, 24.5, and 14.5 · 10 −4 g cm −3 K −1 ) are indicative of an increase in the molecular packing in the nematic phase. The observed increase also infers the growth of long range orientation order. The thermal expansion coefficient maxima obtained for these compounds are found to agree [8] Table 2 ). The finite density jumps and the thermal expansion coefficient maxima in these compounds infer the isotropic to nematic transition to be of first order. The ∆ρ/ρ across the IN transition in PBnA compounds are found to be consistent with the body of data reported on LC nO.m compounds [16] . Although, the density jumps observed at the IN transition for the present (Table 2 ) PBnA compounds (PB7A, PB8A and PB9A) are found to be relatively smaller than those reported for nO.m (5O.9 [17] , 7O.1 [18] and 5O.10 [19] ) compounds, they are found to agree with the values obtained for the lower homologues of PBnA compounds [7] . It is also noticed that the present values of ∆ρ/ρ in PBnA compounds are found to be smaller than the general limiting (0.4 to 0.5%) values proposed by Grasso et al. [20] . The observed small, but distinct jumps across the IN transition for all these compounds reflect a relatively disordered state of the nematic phase. As such, a PBnA molecule is inferred to possess a relatively small orientation potential barrier across the IN transition.
The pressure dependence of the IN transition temperature, dT IN /dp, is estimated by the ClausiusClapeyron equation
where T C is the transition temperature (i. e. T IN in our case) and ∆M V is the estimated change in molar volume at the IN transition. The dT IN /dp data estimated from the density and the DSC data are for PB7A, PB8A and PB9A presented in Table 2 . The values of pressure dependence T IN are found to agree with the values reported for other PBnA compounds [8] .
Nematic to Smectic-A (NA) Transition
The nematic to smectic-A (NA) transition in compound PB7A could not be visualized during the cooling of the sample due to the very narrow thermal span of the smectic-A phase (higher side of the NA transition). However, the NA transition is found to be accompanied by a thermal expansion coefficient maximum in Table 2 . Details of phase variants, density jumps ∆ρ/ρ, thermal expansion coefficient maxima α max (T ) and the pressure dependence of the transition temperatures dT c /dp for the members of PBnA series of compounds. the form of a shoulder (in Fig. 2 and PB9A compounds, respectively. These values are found to be far higher than the value of 0.87, to predict the first order nature of a NA transition [21] . It is also noticed that the ∆H values observed across an NA transition [7, 8] are rather large. The large T NA /T IN and ∆H values observed in the PBnA series across an NA transition are argued as due to contributions of pretransitional effects. A similar trend of a higher McMillan parameter (i.e., > 0.959) is found to be reported for first order NA transitions in LC nO.m compounds [22] . The slopes of density plots estimated in the equilibrium smectic-A phase (dρ/dT ) A in PB7A, PB8A and PB9A are found to be 20.7, 27.0 and 19.0 · 10 −4 g cm −3 K −1 , respectively. The observed higher slopes of density plots in the smectic-A phase (than those in the nematic phase) are argued as due to the growth of layering order in addition to the orientational order.
The pressure dependence of the NA transition temperature dT NA /dp, estimated from the density data and DSC (Table 2 ) using the Clausius-Clapeyron equation, is found to be 23.3 and 36.9 K kbar −1 for PB8A and PB9A, respectively. However, the pressure dependence of the NA transition temperature in the case of PB7A could not be estimated because of the narrow thermal range of the smectic-A phase and the paucity of the density data to resource the NA and AB transition. The pressure dependence of the NA transition for PB8A and PB9A is found to agree with the values reported [23] for 6O.8. However, the observed variance of value for dT NA /dp among various compounds is attributed to factors like the difference in experimental techniques used, scanning rates employed and the molecular systems used during the experiments.
Isotropic to Smectic-A (IA) Transition
The density jumps observed across the isotropic to smectic-A (IA) transition in the present PBnA compounds along with the thermal expansion coefficient maxima (α max ) are presented in Table 2 . They are found to agree with the reported values in other nO.m [16] and in the TBnA series [24] of compounds. The slopes of density in the equilibrium smectic-A phase, i. e. [dρ/dT] IA in the PBnA compounds for n = 10, 12, 14 and 16 are 13.15, 14.8, 14.0 and 18.9 · 10 −4 g cm −3 K −1 , respectively. These values are found to agree with the reported [25] values in other LC nO.m compounds. The higher values of the slopes of density plots in the smectic-A phase than those in the isotropic phase are indicative of denser packing of the molecules.
The IA transition is observed (Table 2) to be accompanied by large density jumps of 0.70, 1.17, 1.10, and 0.36% for the PB10A, PB12A, PB14A and PB16A compounds, respectively. The large density jump across the IA transition is argued as due to the si-multaneous growth of orientational order and periodic translational order (layered arrangement of molecules) from the completely disordered isotropic liquid. The finite values of density jumps and thermal expansion coefficient maxima in these compounds indicate the first order nature of IA phase transitions.
Dilatometry studies across the IA transition are found to accompany a large fluctuation dominated nonlinear region (FDNLR, to a maximum of ≈ 1.5 K) in these compounds. Nevertheless, the visual observations across IA transitions reveal the growth of translucent smectic-A phase at the bottom of the pycknometer bulb, while transparent isotropic liquid floats over it with a clear separating boundary between them. On further cooling of the sample, the translucent smectic-A phase is found to permeate through the isotropic liquid in the pycknometer bulb. The formation of smectic-A embryos first at the bottom of the bulb, and their subsequent spread upwards clearly indicates the 'nucleation' type of growth during the IA phase transition. Further, the range of density jumps observed (Table 2) across the IA transition in the present compounds are found to fall in between the maximum and minimum values reported for nO.m compounds [25, 26] . It is noticed that the density jump of 0.36% and 58.2 · 10 −4 K −1 across this transition in PB16A is found to be small and indicative of a relatively small potential barrier. The small potential barrier is argued as due to the possible orientational disorder induced [6] by the flexible end chain in the higher homologues of LC compounds.
The estimated pressure dependence of transition temperature at the IA transition, dT IA /dp using the Clausius-Clapeyron equation and the experimental data (from calorimetry and dilatometry as presented in Table 2 ) are found to agree [8, 12] with the reports on other LC compounds.
Smectic-A to Smectic-B cryst (AB) Transition
Microscopic textural observations revealed that further cooling of the smectic-A phase results in the appearance of transient transition bars across the smectic-A focal-conic fans at the transition. However, these bars disappear on further cooling with the formation of smooth focal conic fans with a reduced number of discontinuities (on the edges of the domains). The observed density jumps and the thermal expansion coefficient maxima for the PBnA compounds across the AB transition are presented in Table 2 . Further, the observed density increase across the AB transition is not found to be a step function similar to that reported across the CB transition [12, 27] . The AB transition in the present compound is observed as a linear increment from the smectic-A to the smectic-B phase with a finite slope. Further, the presence of a two-phase coexistence (for a small temperature range) is also observed, which is found to co-terminate with simultaneous broadening of transition. Hence, the observed broadening is attributed to the existence of a phase coexistence region. It may also be reckoned that this common occurring of LC phase coexistence phenomena does not require any vestiges of pre-transitional effects (observed during CB transition). On the other hand, as the AB transition involves the growth of positional ordering in the smectic-B phase from the layered molecular arrangement of the smectic-A phase, the occurrence of two-phase coexistence is justified. Although it is conceivable that the trace level impurities might have converted the otherwise second order AB transition to the observed first order transition, there is absolutely no evidence to believe that this impurity broadening phenomenon is occurring here. In fact, the absence of pretransitional phenomena (exclusively expected for second or weakly first order transitions) weighs heavily against any such hypothesis here.
Although the density jumps across the AB transition are found to exhibit an odd-even effect, the observed decreasing trend in their magnitudes with the increase of the alkyl chain (i. e., increasing value of n in the PBnA series) is found to be interesting. Further, the odd-even effect is known [13] to contribute anisotropic axial polarizabilities. Hence, these contributions seem to be effectively squeezed at the interface, involving the growth of a 3D smectic-B phase.
The crystalline smectic-B phase has a long-range three-dimensional order with positional correlation of hexagonal in-plane packing of molecules as well as layers. As such, the AB transition is expected to be of first order nature. Finite density jumps of 1.62, 0.68, 0.71, 1.06, 0.75, 0.63, and 0.11% and the thermal expansion coefficient maxima α max of 136.0, 106.0, 158.0, 117.0, 69.0, 97.0, and 45.0 · 10 −4 K −1 are found to be accompanied by the AB transition for PB7A, PB8A, PB9A, PB10A, PB12A, PB14A, and PB16A, respectively. These values indicate that the AB transition in PBnA compounds is of first order nature. On further cooling of a sample in its smectic-B phase, results in the loss of continuity in the columns of the pycknometer and breaks occur in the sample. The ob-served breaks infer an increase of viscocity in the smectic-B phase with decreasing temperature.
The pressure dependence T IA (estimated from the density and calorimetric data using the ClausiusClapeyron equation) for the PB7A, PB8A, PB9A, PB10A, PB12A, PB14A and PB16A compounds (Table 2 ) is found to be comparable to that reported [16, 28] across the AB transition in LC nO.m compounds.
Conclusions

1.) The dilatometry studies on PBnA compounds
(with the alkyl chain length n = 7 -10 and 12, 14 and 16) reveal that the IN, IA, NA and AB transitions are of first order nature. 2.) The decreasing density jumps (in higher homologues) with increasing flexible chain length reflects a smaller potential barrier across the AB transition. Hence it is concluded that an orientational potential barrier is effectively tuned by the induced orientational disorder. 3 .) The decreasing odd-even effect (with increasing chain length for the density jumps across the AB transition) with increasing chain length (as contributions of axial polarizabilities) reflects the effective squeezing of orientational disorder at the phase transitions involving an LC smectic-B phase.
